We have investigated the ability of different regions of the left arm of Saccharomyces cerevisiae chromosome V to participate in the formation of gross chromosomal rearrangements (GCRs). We found that the 4.2-kilobase HXT13-DSF1 region sharing divergent homology with chromosomes IV, X and XIV, similar to mammalian segmental duplications, was 'at risk' for participating in duplication-mediated GCRs generated by homologous recombination. Numerous genes and pathways, including SGS1, TOP3, RMI1, SRS2, RAD6, SLX1, SLX4, SLX5, MSH2, MSH6, RAD10 and the DNA replication stress checkpoint requiring MRC1 and TOF1, were highly specific for suppressing these GCRs compared to GCRs mediated by single-copy sequences. These results indicate that the mechanisms for formation and suppression of rearrangements occurring in regions containing at-risk sequences differ from those occurring in regions of single-copy sequence. This explains how extensive genome instability is prevented in eukaryotic cells whose genomes contain numerous divergent repeated sequences.
The importance of maintaining the stability of the genome is revealed by the numerous genetic diseases caused by inherited and de novo mutations ranging from base changes to genome rearrangements 1,2 . In addition, many cancers are associated with ongoing genome instability and the continued accumulation of mutations and genome rearrangements [3] [4] [5] [6] [7] . Despite the problems introduced by genome instability, the human genome contains many features prone to be unstable, including microsatellite repeats, minisatellite repeats, triplet repeats, short separated repeats, mirror repeats, inverted repeats, and dispersed repetitive elements such as retroviral elements, short interspersed repeated elements (SINEs), long interspersed repeated elements (LINEs), segmental duplications and regions of copy number variation (CNVs) 8, 9 . Dispersed repetitive elements can underlie chromosomal rearrangements through non-allelic homologous recombination (HR) between elements at non-homologous chromosomal locations. Alu elements, for example, cause HRmediated deletions, duplications and chromosomal translocations implicated in over 15 inherited diseases as well as rearrangements leading to cancer 10 . Similarly, more than 20 human diseases are caused by rearrangements mediated by non-allelic HR between segmental duplications 11 . Given the large numbers of repeated regions in the genome, it is surprising that the genome is as stable as it is.
Some types of at-risk sequences have been characterized in Saccharomyces cerevisiae 9 . Engineered duplications are targets of ectopic recombination, leading to both gene conversion and chromosomal rearrangements 12 . Similarly, Ty transposons, which are dispersed, repeated sequences, can recombine to produce genome rearrangements 13 , and inverted copies of Ty transposons can cause double-strand breaks (DSBs) during replication, resulting in genome rearrangements 14 . Consistent with this, at-risk sequences seem to be selected against 15 ; however, the human genome still retains many such sequences. Although at-risk sequences can induce genome instability, little is known about how such genome rearrangements are prevented and whether there are specific pathways that prevent such sequences from causing genome rearrangements.
We have described assays for measuring the rate of accumulating GCRs 16 . This assay system detects GCRs that occur in natural DNA sequences and does not depend on the introduction of artificial DNA sequences or the artificial induction of DSBs. Here, we applied this system to compare the rates and properties of GCRs in a chromosomal region devoid of at-risk sequences with that of a region of the genome containing a sequence homeologous to ectopic regions of the genome reminiscent of segmental duplications.
Duplications alter the GCR spectrum and rate
We placed a CAN1/URA3 cassette in different locations on the nonessential left end of chromosome V to select for canavanine (Can)-and 5-fluoroorotate (5-FOA)-resistant GCRs similar to our original GCR assay 16 (Fig. 1a ). GCRs, but not co-mutation or interstitial co-deletion of CAN1 and URA3, dominated the Can r 5-FOA r products as demonstrated by frequent loss of a telomeric hygromycin-resistance marker ( Supplementary Table 1 ), similar to the original GCR assay 17 . Overall, the GCR rates increased approximately linearly with the size of the chromosome V breakpoint region except for the yel072w::CAN1/ URA3 assay, which had a higher rate than predicted based on the breakpoint region length (Table 1) . YEL072W is telomeric to the HXT13-DSF1 region, which shares ,4.2 kilobases (kb) of imperfect homology with chromosome XIV and ,2 kb of imperfect homology with nearly identical regions of chromosomes IV and X ( Fig. 1b ), similar to mammalian segmental duplications 18 . Deletion of HXT13-DSF1 eliminated the duplication-associated GCR rate increase (Table 1) . Homology-driven monocentric t(V;XIV) and t(V;IV or X) translocations accounted for 90% of the GCRs even though the HXT13-DSF1 region accounts for 13% of the breakpoint region ( Fig. 2a ). Sequencing of 20 t(V;XIV) junctions only revealed translocation breakpoints in the HXT13-DSF1 homology regions ( Supplementary Fig. 1a ) 17 . Array comparative genomic hybridization (aCGH) demonstrated that the target chromosomes were duplicated from the homology to the telomere (Fig. 1c ), indicating that an intact copy of the target chromosomes was maintained; this was confirmed by polymerase chain reaction (PCR) amplification of the native HXT13-DSF1 related junctions on the target chromosome (data not shown). Overall, the homology-driven GCRs were consistent with break-induced replication (BIR) or related mechanisms 19, 20 .
Genotype affects the impact of the duplication In the standard GCR assay, deletion of MRE11 or RAD27 caused ,600-1,000-fold increased GCR rates 16 and caused similar rate increases in strains where the CAN1/URA3 cassette was centromeric to HXT13-DSF1 (Table 1) . When the cassette was telomeric to the duplication, the mutations only caused a modest increase in GCR rate relative to the yel068c::CAN1/URA3 assay: fivefold for rad27D and threefold for mre11D. The GCRs in the rad27D yel072w::CAN1/ URA3 background were a mix of 33 duplication-mediated and 16 single-copy-sequence-mediated products ( Fig. 2a ). Like the wild-type strain that had 56 duplication-mediated and 6 single-copy-sequencemediated GCRs, the ratios of products were similar to the fold increase in rate caused by the duplication. In contrast, the mre11D yel072w::CAN1/URA3 GCRs were dominated by duplicationmediated rearrangements (56:1). This suggests that an mre11D mutation alters the mechanism underlying GCRs such as by decreasing telomere maintenance 21 , resulting in increased degradation of chromosome ends, which would preferentially target telomeric duplicated sequences.
Deletion of SGS1, encoding a RecQ-family helicase, caused a moderate increase in the rate of GCRs in assays with the CAN1/ URA3 cassette centromeric to the duplication similar to the standard GCR assay, but caused a marked increase in the yel072w::CAN1/URA3 GCR rate that depended on the HXT13-DSF1 duplication ( Table 1) . The ratio of duplication-mediated to single-copy-sequence-mediated GCRs in the sgs1D mutant, 35:5 ( Fig. 2a ), was not as high as might be predicted from the 115-fold increase in GCR rates in the yel072w::CAN1/URA3 assay versus the yel068c::CAN1/URA3 assay. Sequencing of 25 sgs1D t(V;XIV) breakpoint junctions revealed 21 t(V;XIV) and 4 complex translocations ( Supplementary Fig. 1b ). Three complex breakpoints resulted from t(V;XIV;V;XIV) translocations, and the fourth was consistent with a t(V;X;XIV) translocation. The complex junctions could be generated by template switching during HR as implicated during BIR in wild-type strains 22 and CAN1-LYP1-ALP1 translocations in sgs1D mutants 23 , or by formation of multiduplex joint molecules as observed in meiosis 24 .
Different HR pathways yield distinct GCR signatures
We next examined the role of the RAD52 epsistasis group genes ( Table 2 ). As in the standard GCR assay 25 , the rad52D mutation increased the GCR rate in the yel068c::CAN1/URA3 assay where GCRs are formed in single-copy DNA sequences ( Table 2 ). In contrast, the rad52D mutation modestly decreased the GCR rate in the yel072w::CAN1/URA3 assay compared to wild type ( Table 2 ) and eliminated the duplication-mediated translocations (Fig. 2b ). Deletion of RAD51 or RAD59, which define two distinct RAD52dependent HR pathways 26 , had modest effects on the GCR rates in both assays, and non-reciprocal duplication-mediated translocations were observed in both single mutants ( Table 2 , Fig. 2b and Supplementary Fig. 2 ), indicating that these rearrangements are ARTICLES not strictly dependent on either pathway. t(V;IV or X) translocations were not observed in the rad59D strain, indicating that efficient recombination with the translocation target that was shorter and had lower sequence identity was RAD59 dependent. Both the rad51D rad59D double mutant and the rad51D rad59D rad52D triple mutant had decreased rates of duplication-mediated GCRs ( Table 2) . Surprisingly, t(V;XIV) rearrangements were observed in the rad51D rad59D double mutant, unlike the rad52D single mutant and the rad51D rad59D rad52D triple mutant ( Fig. 2b ). Thus, it seems that at least one additional RAD52-dependent, RAD51-and RAD59independent HR pathway can promote interchromosomal HRmediated rearrangements at low rates; this is consistent with a more severe HR defect in a rad52D single mutant compared to a rad51D rad59D double mutant 27 . Mismatch repair (MMR) proteins 28 and Sgs1 (ref. 29 ) are predicted to suppress HR between the HXT13-DSF1 region and the imperfect homologies on chromosomes IV, X and XIV. Elimination of mismatch detection by a msh2D mutation or impairment by msh6D or msh3D mutations specifically increased the GCR rates in the duplication-containing assay ( Table 2 ). The larger effects of msh2D and msh6D relative to msh3D are consistent with the heteroduplexes formed during duplication-mediated HR, which would contain primarily base-base mispairs and fewer insertion/deletion mispairs. Similar to the effects of mlh1D in single-stranded annealing assays 30 , mlh1D caused a smaller but significant increase in the rate of duplication-mediated GCRs ( Table 2 ). An sgs1D mutation caused an increase in duplication-mediated GCRs (Table 1 and Fig. 2) , and a rad52D mutation eliminated this increase ( Table 2) , indicating that homeologous recombination mediates most of the GCRs in the yel072w::CAN1/URA3 assay in the sgs1D mutant. However, sgs1D caused a higher duplication-mediated GCR rate than msh2D (Table 2 ), despite the fact that Sgs1 is downstream of MMR during suppression of homeologous recombination 28 . Deletion of TOP3 and RMI1, which function together with SGS1 (ref. 31) , also caused higher rates of duplication-mediated GCRs than the msh2D mutation; the increased GCR rates caused by rmi1D relative to sgs1D and top3D suggest that RMI1 may have SGS1-and TOP3-independent roles ( Table 2 ). These data, in combination with the synergistic increase in the GCR rate in the yel068c::CAN1/URA3 assay in the sgs1D rad52D double mutant ( Table 2) , suggest that sgs1D as well as top3D and rmi1D cause defects in suppression of homeologous recombination and also affect other pathways that suppress duplication-mediated GCRs.
HR-mediated GCRs are POL32 independent The t(V;XIV) and t(V;IV or X) translocation products and their dependence on HR genes are consistent with BIR or related mechanisms 19, 20 . POL32, encoding a DNA polymerase delta subunit, is essential for ectopic BIR induced by HO-mediated DSBs 32 , but is not strictly required for allelic BIR 20 . Deletion of POL32 caused a small increase in the duplication-mediated GCR rate and did not change the rate of t(V;XIV) or t(V;IV or X) translocations ( Table 2 and Fig. 2b ). The three pol32D t(V;XIV) translocations analysed by aCGH were nonreciprocal ( Supplementary Fig. 3 ). These results could be explained if previously observed POL32-dependent BIR was predominantly RAD51 dependent 32 , in contrast to both RAD51-dependent and RAD51-independent pathways observed here.
Both the pol32D rad51D and pol32D rad59D double mutants had low levels of duplication-mediated GCRs ( Table 2 and Fig. 2b) . The pol32D rad51D double mutant had increased GCR rates in both assays, with the duplication causing a modest increase primarily due to accumulation of t(V;IV or X) translocations, consistent with the possibility that RAD51 is required to suppress GCRs in a pol32D mutant. In contrast, the pol32D rad59D double mutant had a lower GCR rate than the rad59D and pol32D single mutants, and, compared to the region-mediated GCR assay. a, Percentage of the different types of GCRs in wild-type, rad27D, mre11D, sgs1D and mrc1D yel072w::CAN1/URA3 strains. The homology-driven GCRs are shown as a stacked bar with t(V;XIV) in orange and t(V;IV or X) in yellow, and single-copy-sequence-mediated GCRs in blue. b, Mutations affecting both HR and BIR alter the rates of the formation of t(V;XIV), t(V;IV or X) and other GCRs detected in the yel072w::CAN1/URA3 assay. Rates for each class of GCR were calculated by multiplying the fraction of each kind of rearrangement by the overall rate. rad51D rad59D double mutant, had a similar GCR rate in the yel072w::CAN1/URA3 assay and a lower rate in the yel068c::CAN1/ URA3 assay. In addition, the rate of t(V;XIV) translocations was reduced in the pol32D rad59D mutant relative to pol32D and rad59D single mutants, but not to the extent seen in rad51D rad59D double mutants (Fig. 2b) . These results suggest that POL32 functions in the RAD51-dependent pathway but not the RAD59-dependent pathway that promotes duplication-mediated GCRs; however, in the RAD51dependent pathway, the formation of duplication-mediated GCRs is not completely dependent on POL32. Thus, a subset of the RAD51-dependent duplication-mediated GCRs is probably produced by POL32-dependent BIR, whereas POL32-independent RAD51dependent and RAD59-dependent duplication-mediated GCRs either result from other HR mechanisms, such as a half-crossover mechanism 20 , or are produced by a BIR pathway that has different genetic requirements than BIR driven by HO-induced DSBs. Two other replication-associated mutations, pri2-1, which suppresses HR-mediated BIR 32 , and pol12-100, which increases levels of Holliday junctions during replication 33 , generally decreased or weakly increased GCR rates, respectively.
Pathways that suppress HR-mediated GCRs
Because analysis of sgs1D, top3D, rmi1D, msh2D and msh6D mutants ( Table 2 ) indicated that the yel072w::CAN1/URA3 assay can reveal pathways that specifically suppress duplication-mediated rearrangements, we screened for additional context-specific mutations ( Table 3 ). Deletion of SGS1 causes synthetic growth defects with deletions of SLX1, SLX4, SLX5, SLX8, MUS81, SAE2, SRS2 or RRM3. Deletion of each of these genes, except SAE2, caused duplicationspecific increases in GCR rates, whereas only deletion of SAE2 and MUS81 caused increases in GCRs mediated by single-copy DNA sequences. Similarly, deletion of the repair genes RAD6, MPH1, RAD10 or EXO1 caused large increases in duplication-specific GCR rates, but little or no increase in single-copy-sequence-mediated GCRs. The duplication-specific effects of rad10D contrast with previous findings that the Rad1-Rad10 complex is required for single-copy DNA-sequence-mediated GCRs 34 . Deletion of ESC2 and ESC4 (also called RTT107), which encodes a protein recruited to stalled replication forks 35 , caused a general increase in GCR rate and a preferential increase in the rate of HXT13-DSF1 duplicationmediated GCRs. Defects in chromatin modifying pathways caused by deletion of ASF1, RTT109, ARP8 or NHP10 also had duplicationspecific effects; however, in contrast to deleting ASF1 or RTT109, deleting ARP8 and NHP10, which encode subunits of the Ino80 chromatin remodelling complex 36 , did not alter the rate of singlecopy-sequence-mediated GCRs. In contrast, deletion of CTF18, which causes sister chromatid cohesion defects 37 , caused similar increases in both assays. These results demonstrate that the genetics of suppressing GCRs changes substantially depending on chromosomal features in the breakpoint region.
Checkpoint suppression of HR-mediated GCRs
Deletion of MRC1, which encodes a Rad53 coactivator with roles in DNA replication and replication stress checkpoint signalling 38 , caused a small increase in the rate of single-copy sequence-mediated GCRs and a large increase in HXT13-DSF1 duplication-mediated GCRs. The latter GCRs were primarily homology-driven translocations ( Fig. 2a) , and two GCRs predicted to be t(V;XIV) translocations by PCR were non-reciprocal translocations ( Supplementary Fig. 3 ) similar to all other duplication-mediated GCRs analysed by aCGH ( Fig. 1c and Supplementary Figs 2 and 3) . The mrc1-aq allele, which specifically affects the checkpoint function of MRC1 (ref. 38) , had little effect on single-copy-sequence-mediated GCRs but caused a large increase in duplication-mediated GCRs (Table 3) . Similarly, deleting TOF1, which encodes another replication fork and checkpoint protein 39 , caused a specific increase in HXT13-DSF1 duplication-mediated GCRs ( Table 3) . We found a synergistic interaction between mrc1D and tof1D but not between mrc1-aq and tof1D in both the yel068c::CAN1/URA3 and yel072w::CAN1/URA3 assays, indicating a partial redundancy of these genes (Table 3 ). Mutations in the checkpoint genes RAD24, MEC1, RAD53, DUN1 and CHK1 increased the GCR rate in both the yel068c::CAN1/URA3 and yel072w::CAN1/URA3 assays (Table 3) , although the affect on duplication-mediated GCR rates was possibly not as large as that of mrc1D or tof1D mutations, raising the possibility that mrc1D and tof1D mutations might increase DNA damage in addition to causing checkpoint defects. Mutations in TEL1, which encodes a protein kinase that is partially redundant with Mec1, resulted in small rate increases in both GCR assays, consistent with a small checkpoint role for Tel1 in the presence of Mec1; however, tel1D telomere maintenance defects could contribute to a low level of GCRs. Mutations in RAD9, which encodes an alternative Rad53 co-activator that responds to general DNA damage signalling, but not replication fork damage in strains with MRC1 (ref. 39) , were similar to the affects of damage checkpoint mutations on single-copy-sequence-mediated GCRs, but caused a much smaller increase than these mutations in the rate of duplicationmediated GCRs. Together, these data suggest that the DNA damage checkpoint primarily suppresses single-copy-sequence-mediated GCRs, whereas both the DNA damage checkpoint, to a lesser extent, and the replication stress checkpoint, to a much greater extent, suppress duplication-mediated GCRs.
Discussion
We have found that many genes have little or no role in suppressing GCRs in single-copy sequences but have a large role in suppressing GCRs mediated by non-allelic HR at the HXT13-DSF1 at-risk sequence that resembles a segmental duplication in mammalian cells. One group of genes includes the MMR genes and the genes encoding the Sgs1-Top3-Rmi1 complex that suppress HR between divergent sequences 29 . Another group included MRC1 and TOF1, and our analysis of checkpoint genes indicated that the replication stress checkpoint is critical in suppressing HXT13-DSF1-mediated GCRs but not single-copy-sequence-mediated GCRs. A third group of genes that almost all exclusively function in suppressing HXT13-DSF1 duplication-mediated GCRs include SRS2, RRM3, MUS81, SAE2, SLX1, SLX4, SLX5 and SLX8, which cause synthetic growth defects when deleted in combination with an sgs1D mutation, owing to accumulation of toxic replication intermediates that in many cases can be suppressed by a HR defect [40] [41] [42] [43] . Potentially related to these genes are: RAD10 and EXO1 which encode an endonuclease and an exonuclease, respectively, that can act in processing of HR and aberrant replication intermediates 44, 45 ; MPH1 encoding a DNA helicase which may disrupt HR intermediates like Sgs1 (refs [46] [47] [48] ; and RAD6 which regulates processes that act on replication forks that encounter DNA damage 49 . Finally, ARP8, NHP10, ASF1 and RTT109, which function in chromatin remodelling and checkpoint regulation and can act during S phase 36, 50 , strongly suppressed duplication-mediated GCRs. All of these genes may function in responses to replication stress, including checkpoint activation or shut off, repair of aberrant replication intermediates and suppression of the formation of aberrant replication intermediates, and some clearly act to directly prevent aberrant HR. How might the products of these genes act so specifically to prevent duplication-mediated GCRs? It is unlikely that they solely act to prevent aberrant DNA structures during replication such as DSBs as they would also suppress GCRs mediated by single-copy DNA sequences. Rather, they may prevent aberrant HR such as homeologous recombination or aberrant BIR intermediates so that HR can selectively target homologous sequences on sister chromatids and homologues as well as restart damaged replication forks to prevent genome instability rather than result in HR-mediated GCRs.
Our results indicate that dispersed repetitive elements in DNA resembling segmental duplications are at risk for causing genomic instability. The presence of multiple pathways that are highly specific for suppressing rearrangements between these elements explains how genomes remain stable despite the presence of sequences at risk for mediating genome rearrangements. These results complement previous studies that identified critical pathways and genes that suppress GCRs that target single-copy sequences 17 . Overall, our data suggest that defects in different DNA repair pathways result in distinct GCR signatures that may be diagnostic of the defects that underlie genome instability.
METHODS SUMMARY
Yeast strains were constructed by deleting CAN1 and integrating a telomeric hygromycin marker and a CAN1/URA3 cassette in the RDKY3023 background (MATa leu2D1 his3D200 trp1D63 lys2DBgl hom3-10 ade2D1 ade8 ura3-52). GCRs were selected using standard methods 16 . GCR products were analysed by PCR and by aCGH (NimbleGen). 
METHODS
Plasmid construction. A can1::hisG-URA3-hisG disruption cassette was constructed by first PCR-amplifying fragments that are telomeric to CAN1 (chromosome V 30187-30928) flanked by ApaI and XhoI sites and centromeric to CAN1 (chromosome V 34339-34965) flanked by XbaI and BamHI sites and inserting them into pRS315 (ref. 51) to generate pRDK1374. A hisG-URA3-hisG fragment was amplified from pNKY51 (ref. 52) and was then inserted into SmaI-digested pRS315 by recombinational cloning in S. cerevisiae. Then the hisG-URA3-hisG fragment was subcloned into pRDK1374 between SalI and BamHI sites to generate pRDK1375 containing the hisG-URA3-hisG fragment flanked by 626 bp of upstream and 741 bp of downstream homology to the CAN1 locus.
The CAN1/URA3 cassette was constructed by cloning fragments of CAN1 and URA3 into a plasmid with flanking NheI sites. The CAN1 gene and flanking sequence (chromosome V 30952-34315) was amplified by PCR and cloned into pCR2.1-TOPO (Invitrogen) to generate pRDK1376. The URA3 gene and flanking sequence (chromosome V 116011-117061) was amplified by PCR with primers to introduce flanking XbaI sites, and cloned into pRDK1376; inserts with CAN1 and URA3 in divergent orientations were selected. The CAN1/URA3 cassette was then PCR amplified with primers adding flanking NheI sites, cloned into pCRT7CT (Invitrogen), and verified by sequencing to generate pRDK1377.
For each chromosome V integration site, integration constructs were generated by subcloning the pRDK1377 NheI fragment into plasmids containing the target genes of interest. The gene and flanking regions of YEL072W (chromosome V 12961-14898) and YEL068C (chromosome V 25222-26411) were amplified by PCR, cloned into pRS315 and modified by site-directed mutagenesis to introduce NheI sites into the centre of the genes. Subcloning the CAN1/URA3 cassette into the engineered NheI sites in YEL072W and YEL068C generated the plasmids pRDK1378 and pRDK1379, respectively. Similarly, the gene and flanking regions of YEL064C (chromosome V 30060-30928) and YEL062W (chromosome V 36007-36992) were amplified by PCR, cloned into pET21a and the NheI-digested CAN1/URA3 cassette was subcloned into compatible SpeI sites to generate plasmids pRDK1380 and pRDK1381, respectively. Genetic methods. YPD and synthetic drop-out media for propagation of strains have been described previously 16 . The can1::hisG-URA3-hisG integration fragment was cut out from pRDK1375 using KpnI and SacI and transformed into RDKY3023 (MATa leu2D1 his3D200 trp1D63 lys2DBgl hom3-10 ade2D1 ade8 ura3-52). Uracil prototrophs were verified by PCR, and a can1::hisG uracil auxotroph, RDKY5461, was selected on 5-FOA-containing medium. The CAN1/ URA3 integration cassettes were amplified by PCR from plasmids described above and integrated into RDKY5461. These strains were then modified by
